Diabetes-related morbidity and mortality are accounted for its complications such as nephropathy, neuropathy, and retinopathy. Chronic hyperglycemia is the root cause for unique changes in renal structure. It is one of the leading causes of end-stage renal disease. Approximately, 40% of diabetic patients diagnosed with nephropathy either require kidney dialysis or transplantation. Diabetic nephropathy (DN) is characterized by microalbuminuria, renal hypertrophy, and mesangial expansion with glomerular basement membrane thickening.\[[@ref1]\] Hypertension, smoking, and dyslipidemia are the major contributors for the progression of nephropathy. As per the UK Prospective Diabetes Study, tight control on systolic blood pressure (SBP) lessened the risk for the development of microalbuminuria.\[[@ref2]\]

Streptozotocin (STZ) destroys the beta cells of the pancreas which leads to hyperglycemia. The mechanism for its cell injury is associated with the generation of reactive oxygen species (ROS) and oxidative stress.\[[@ref3]\] An STZ-induced rodent model of Type 1 diabetes develops renal injury which resembles to human DN.\[[@ref4]\] It is a valuable and broadly accepted model for interpretation of therapeutic interventions in preclinical diabetic renal injury.

Nitric oxide (NO), a potent endogenous vasodilator, has a role in maintaining systemic blood pressure and renal functions. Basal production of NO is crucial for the routine glomerular functions.\[[@ref5]\] Its bioactivity is reduced by superoxide, a major ROS.\[[@ref6]\] Reduction of antioxidant enzymes in diabetes results in overproduction of ROS which converts NO into peroxynitrite and produces nitrosative stress. Iqbal *et al*. have shown that exogenous NO donor administration, prevents the oxidative stress, and restores the renal functions.\[[@ref7]\]

Molsidomine, an NO donor, has antioxidant and vasodilator effects. It is used for the treatment of stable angina. Molsidomine relaxes vascular smooth muscle by stimulating guanylate cyclase.\[[@ref8]\] The purpose of the present study was to investigate whether NO donor can attenuate DN in STZ-induced diabetic rats.

Materials and Methods {#sec1-1}
=====================

Chemicals and Reagents {#sec2-1}
----------------------

Molsidomine was procured as a gift sample from Taj Pharmaceutical, Mumbai, with quality control report. STZ was purchased from the MP Biomedical India Pvt. Ltd. The kits used for biochemical analysis were procured from the Autospan diagnostic, Surat, India. Other chemicals and reagents used were of analytical grade.

Animals {#sec2-2}
-------

Healthy weight-matched (250--300 g) male Wistar rats were selected and housed in polypropylene cages layered with husk and kept for 12 h light/12 h in dark cycle with free access to water and standard pellet diet. The use of experimental animals was approved by the Institutional Animal Ethical Committee of Al-Ameen College of Pharmacy (Approval No: AACP/IAEC/Aug 2014/01). The experiment was conducted according to the CPCSEA guidelines.

Induction of Diabetes and Experimental Design {#sec2-3}
---------------------------------------------

Type 1 diabetes was induced by a single intraperitoneal injection of STZ (52 mg/kg) in freshly prepared citrate buffer (0.1 M, pH 4.5).\[[@ref9]\] Rats were given 5% w/v glucose solution for 48 h to prevent hypoglycemia-induced mortality. A week later, the rats with fasting blood glucose (FBG) values ≥230 mg/dL were considered to be diabetic and used in the study. Total 24 Wistar rats were randomly divided into four groups of six animals each.

Group I served as normal control.Group II served as DN control.Group III and IV served as a test group, (diabetic rats were administered molsidomine \[5 and 10 mg/kg, p.o.\] for 8 weeks).

Doses of molsidomine were chosen based on the previous study in which it has shown the nephroprotective effect and did not produce any side effects.\[[@ref10]\]

Measurement of Physical Parameter {#sec2-4}
---------------------------------

The animals were monitored for physical parameters such as body weight (BW), weakness, and mortality throughout the study. BW was measured before induction of diabetes and at the 8^th^ week using digital balance (Essae^®^ DS-252). Percentage change was calculated from the BW of beginning and at the end of the study.

Measurement of Vital Signs {#sec2-5}
--------------------------

Progression of DN is strongly associated with hypertension. Hence, SBP was measured at the 8^th^ week of the study by tail cuff method.\[[@ref11][@ref12]\] Each measurement was repeated 5--6 times and values, not different by more than 3 mmHg, were considered valid. The mean of the three measurements was then recorded and reported as the value of SBP for each animal.

Measurement of Renal Function {#sec2-6}
-----------------------------

On the 8^th^ week, an individual rat from each group was placed in metabolic cages for 24 h to collect urine with free access to food and water; urine volume (ml/24 h) was measured. Urinary albumin levels were detected using assay kits by autoanalyzer according to the manual provided by the manufacturer. Urinary albumin excretion rate (UAER), an indication of albuminuria, was calculated by the formula, UAER (mg/24 h) = 24 h urine volume × urinary albumin (mg/dl). Overnight-fasted animals were anesthetized; blood was withdrawn through retro-orbital and collected in clot activator Vacutainer then centrifuged at 3000 RPM for 10 min to separate the serum. FBG, blood urine nitrogen, and serum creatinine (Scr) were determined by autoanalyzer. All kits were used in accordance with manufacturer instructions. Then, animals were sacrificed, and their kidneys were isolated and weighed. The kidney index was calculated as 100 × kidney weight/BW. Right kidneys were used for homogenate preparation and left kidneys were stored in formalin for histopathology study.

Measurement of Oxidative Stress {#sec2-7}
-------------------------------

Kidneys were washed with saline, chopped on ice, and homogenate (10%, w/v) was prepared with 0.1 M phosphate buffer and centrifuged at 3000 g for 10 min at 4°C using Sorvall refrigerated centrifuge and supernatant was used for biochemical estimations.

Lipid peroxidation or malondialdehyde (MDA) formation was determined by the method of Slater and Sawyer.\[[@ref13]\] Catalase (CAT) activity was detected by the method of Aebi\'s description\[[@ref14]\] and glutathione (GSH) was determined by the method of Moron *et al*.\[[@ref15]\] superoxide dismutase (SOD) was determined by the method of Misra and Fridovich.\[[@ref16]\]

Histopathology {#sec2-8}
--------------

Paraffin-embedded specimens were cut into 5 μm thick sections and stained with hematoxylin and eosin. The sections were examined under a light microscope for the presence of pathological changes and photomicrographs were taken. The pathologist was blinded to the animal treatment group.

Statistical Analysis {#sec2-9}
--------------------

Values are expressed as mean ± standard error of mean (SEM). Statistical significance with respect to DN control was evaluated using one-way ANOVA followed by Tukey\'s *t*-test using Graph Pad Prism software (Version 5.0, Graph Pad Prism Software Inc., San Diego, CA).

Results {#sec1-2}
=======

Effect of Molsidomine on Physical Parameter {#sec2-10}
-------------------------------------------

In the present study, there was a continuous reduction in BW of DN rats throughout the study, while there was a gain in the BW of normal rats. At the 8^th^ week, the percentage change in BW of diabetic and normal rats was −53.28 and 3.97, respectively. Treatment with molsidomine significantly (*P* \< 0.001) prevented the percentage change in BW dose dependently compared to diabetic rats. Molsidomine prevented the diabetic rats from vast BW loss \[[Table 1](#T1){ref-type="table"}\].
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Effect of Molsidomine on Vital Function {#sec2-11}
---------------------------------------

At the 8^th^ week, SBP of DN rats was 30 mmHg higher than that of the normal control rats. Molsidomine-treated rats significantly (*P* \< 0.001) reduced the elevated blood pressure level dose dependently compared to diabetic rats \[[Figure 1](#F1){ref-type="fig"}\].

![Effect of molsidomine on systolic blood pressure (mmHg) in rats. NC - Normal control, DNC = Diabetic nephropathy control, MOL5 = Molsidomine (5 mg/kg), MOL10 = Molsidomine (10 mg/kg). Values are represented as mean ± standard error of the mean (*n* = 6). \*\*\**P* \< 0.001 versus diabetic nephropathy control group](IJPharm-48-544-g002){#F1}

Effect of Molsidomine on Renal Functions {#sec2-12}
----------------------------------------

The FBG level in the DN control rats was 330 mg/dL, nearly 3 times higher compared to normal control rats. By contrast, molsidomine-treated rats significantly decreased the elevated fasting serum glucose level (*P* \< 0.001) compared to diabetic rats \[[Figure 2](#F2){ref-type="fig"}\].

![Effect of molsidomine (5 and 10 mg/kg, p.o.) on fasting blood glucose level in rats. (mg/dl). NC = Normal control, DNC = Diabetic nephropathy control, MOL5 = Molsidomine (5 mg/kg), MOL10 = Molsidomine (10 mg/kg). Values are represented as mean ± standard error of the mean (*n* = 6). \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus diabetic nephropathy control group](IJPharm-48-544-g003){#F2}

In DN rats, all mentioned renal parameters were significantly (*P* \< 0.001) increased compared to normal control rats, showing that diabetic rats were progressing to nephropathy. As depicted in [Table 1](#T1){ref-type="table"}, treatment with molsidomine prevented diabetes-induced renal abnormality compared to diabetic control rats in dose-dependent manner by preserving its normal functions.

Effect of Molsidomine on Oxidative Stress and Lipid Peroxidation {#sec2-13}
----------------------------------------------------------------

DN control rats exhibited a significant (*P* \< 0.001) decrease in SOD, reduced glutathione and CAT activity \[[Figure 3](#F3){ref-type="fig"}\] compared to normal control rats.

![Effect of molsidomine on renal antioxidant enzymes in rats. NC = Normal control, DNC = Diabetic nephropathy control, MOL5 = Molsidomine (5 mg/kg), MOL10 = Molsidomine (10 mg/kg). Values are represented as mean ± standard error of the mean (*n* = 6). \*\*\**P* \< 0.001 versus diabetic nephropathy control group](IJPharm-48-544-g004){#F3}

The MDA level which is the end product of lipid peroxidation was increased significantly in kidney homogenate of diabetic rats (*P* \< 0.001) when compared to normal control rats. Molsidomine-treated rats significantly reduced MDA level in dose-dependent manner compared to DN rats \[[Figure 4](#F4){ref-type="fig"}\].

![Effect of molsidomine on renal malondialdehyde (μM/mg protein). NC = Normal control, DNC = Diabetic nephropathy control, MOL5 = Molsidomine (5 mg/kg), MOL10 = Molsidomine (10 mg/kg). Values are represented as mean ± standard error of the mean (*n* = 6). \*\*\**P* \< 0.001 versus diabetic nephropathy control group](IJPharm-48-544-g005){#F4}

Effect of Molsidomine on Renal Pathological Changes {#sec2-14}
---------------------------------------------------

The histopathological examination of kidney tissue of normal rats showed the normal appearance. Renal tissue section of DN control rats showed glomerulosclerosis, tubular degeneration, mononuclear cell (MNC) infiltration, and thickening of glomerular basement membrane. The treatment with Mol 5 showed a moderate glomerular necrosis and MNC infiltration. However, the treatment with Mol 10 showed no abnormality and the architect of kidney tissue appeared normal \[Figure [5a](#F5){ref-type="fig"}--[d](#F5){ref-type="fig"}\].

![Histopathology of kidney tissue of normal control, diabetic nephropathy control, and treated groups rats. (a) Section of normal rat kidney tissue showing normal appearance of glomerulus and tubules. (b) Section of diabetic rat kidney tissue showing glomerulosclerosis, tubular degeneration, and mononuclear cell infiltration. (c) Section of diabetic rat kidney tissue treated with mol 5 mg/kg showing moderate glomerular necrosis and mononuclear cell infiltration. (d) Section of diabetic rat kidney tissue treated with mol 10 mg/kg showing no abnormality (×10)](IJPharm-48-544-g006){#F5}

Discussion {#sec1-3}
==========

DN is one of the leading causes of morbidity and mortality in diabetic patients globally. Preventing the progression of DN has been a challenge in biomedical research. Hypertension is a risk factor for progression of DN. Reduction of blood pressure is beneficial in preventing progression of DN. On other hand, many studies have shown that oxidative stress plays a major role in the development diabetic renal injuries. Molsidomine (NO donor) has antioxidative and vasodilator effects. Hence, the present study was undertaken to evaluate the effects of molsidomine in DN.

STZ-induced diabetic rats are more liable to develop hypertension.\[[@ref17]\] Elevated blood pressure has a damaging effect on kidney. In the present study, the SBP was significantly higher (*P* \< 0.001) in DN group compared to the normal group, and this rise was prevented by molsidomine treatment. The antihypertensive effect of molsidomine is the major intervention in the prevention of albuminuria which is due to its vasodilatation effect.

Microalbuminuria (defined as UAER 30--300 mg/day) is considered a predictor of worse outcomes for both kidney and heart patients.\[[@ref18]\] High blood pressure may cause microalbuminuria by increasing glomerular filtration pressure and subsequent renal damage. The findings of our study revealed that treatment with molsidomine has significantly prevented microalbuminuria in the diabetic group.

Insulin deficiency in Type 1 diabetes prevents the entry of glucose into the cells. As a result, cells start starvation and loss of BW occurs. BW was observed in concurrence with the continuation of diabetes in the study. Molsidomine treatment prevented massive loss of BW.

Several studies have shown that multiple factors caused by hyperglycemia play a role in the development of diabetic kidney disease. The hyperglycemic condition results in irreversible tissue damage through the protein glycation reaction that leads to the formation of glycosylated protein and advanced glycation end product.\[[@ref19][@ref20]\] In the present study, molsidomine has prevented the hyperglycemia of diabetic rats which shows its role in nephroprotection.

In our study, STZ-induced diabetic rats successfully developed DN which was evidenced by polyurea, albuminuria, and increased in metabolic wastes in the blood. Scr is considered as a marker of altered glomerular filtration rate (GFR) in DN.\[[@ref21]\] However, molsidomine treatment showed a significant decrease in urine volume, albuminuria, and also improved the GFR. These results are in accordance with the recent study in which it had shown that molsidomine has a beneficial effect in cisplatin-induced nephrotoxicity.\[[@ref22]\] On the other hand, it has been reported that protective effect of molsidomine in iron-induced nephrotoxicity is due to its NO-donating property,\[[@ref10]\] as NO play an important role in maintaining normal physiology of kidney.

Oxidative stress has a link in the pathogenesis of diabetic complications, including DN. Hyperglycemia-induced activation of several pathways results in the excessive formation ROS that is toxic to the cell. They also interact with the lipid bilayer and produce lipid peroxidation product like MDA which further damages the cells. SOD, CAT, and GSH are responsible for the detoxification of the ROS.\[[@ref23]\] Dugan *et al*.\[[@ref24]\] revealed that mitochondrial-derived superoxide anion production is reduced in diabetes and plays a pivotal role in preserving renal function during hyperglycemia. In our study, the ability of molsidomine to increase renal antioxidant enzyme level is in line with the finding of Chander and Chopra\[[@ref8]\] who found that molsidomine restored the depleted renal antioxidant enzyme level in ischemia-reperfusion renal injury. They also suggested that the beneficial antioxidant effect of molsidomine is due to the decreasing neutrophil infiltration and reducing plasma levels of pro-inflammatory mediators, which increase oxidative stress and the severity of inflammation process. Attia *et al*.\[[@ref25]\] found that NO deficiency resulted in podocyte stress in hypercholesterolemic rats, while molsidomine prevented podocyte injury suggesting its additional role in our study for its nephroprotective action. The histopathology results obtained from the study further confirmed our biochemical findings. Along with improving renal function, molsidomine prevented diabetes-induced tubular degeneration, and glomerulosclerosis. However, further research is required to investigate its molecular mechanism and its comparative efficacy to the available treatment of DN.

Conclusion {#sec1-4}
==========

Treatment with molsidomine prevented renal dysfunction dose dependently in diabetic rats. Nephroprotective effect of molsidomine is due to its antihypertensive, antihyperglycemic, and antioxidant effect. Molsidomine may be promising as a drug for delaying and preventing Type 1 DN in rats.
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